I. INTRODUCTION
Microfluidic systems have been widely used in analytical chemistry and biomedicine, with the advantages of reduced sample consumption, faster analysis and response time, as well as increased automation and system integration [1, 2] . Many bioinformatics detection procedures such as insulin detection [3] , DNA purification require automating microfluidic chips as a prerequisite. However, some drawbacks of the microfluidic chip manufacture are excited. In general, microfluidic devices have been manufactured in a variety of material including glass, PDMS, steel, silicon and plastic. But the fabrication techniques of these miniaturised structures require rather specialised fabrication facilities, and can be costly, time consuming and complicated.
Because of the development of rapid prototyping technology, three-dimensional (3D) printing has long been used in manufacturing industries to produce design prototypes with great reliability. Current 3D printers tend to achieve such a delicate resolution that makes them available for microfluidic applications as well. Due to the advantages of the 3D printing such as time-saving and cheap, some microfluidic devices have been developed, i.e. microfluidic reactionware device [4] , microfluidic devices for HA-QDs detection [5] . However, the full capabilities of 3D printing are not yet fully developed in the microfluidic field of applied research.
The elastic material using in the 3D printers can not only be used as PDMS in traditional microfluidic chip, but also can be used as firm parts. In this paper, we proposed a new method of microfluidic chip fabrication using 3D design and 3D printing techniques. The water leakage and hydrophilic test are performed to prove the advantages over traditional methods. The flow rates of the printed pump chip have been tested under various applied pneumatic pressures and pumping frequencies.
II. DESIGN AND FABRICATION

A. Chip Structure
The design of 3D printed pneumatic pump chip is shown in Fig. 1 . Briefly, the proposed chip is composed of two major components, including a fluid channel and a pair of pneumatic side air chambers. The fluid channel is connecting the fluid inlet with outlet. The air chambers are arranged on the same side of the fluid channel. The diaphragms between the fluid channel and the air chambers are operated pneumatically by air pressurizing. The diaphragms are printed vertically. The whole chip is printed by the 3D printer.
B. Fabrication of the Pump Chip
In order to print the pump chip, the 3D model was first built in the computer. The geometry was designed using Solidworks 2013 and exported to STL-files. The whole chip was printed with a Wanhao duplicator 4x printer (Jinhua Wanhao Ltd., China), which can print flexible materials. According to the manufacture's specifications, the 3D printer has an accuracy of 100 μm in x, y and z direction. The photograph of the 3D printed pump chip is shown in Fig. 2 . The printing procedure can be paused to check the inner condition of the chip.
Before printing, the platform should be adjusted horizontally. Due to the flexible material Ninja Flex (Fenner Drives Inc, USA) has a best melt temperature of 210 , the nozzle temperature is set to be 210 . The fill rate is set to be 100% to prevent water leakage. The print speed is a significant parameter to the quality of the printed chip. The print speed is set to be 40 mm/s in Fig. 3  (a) , 25 mm/s in Fig. 3 (b) and 5mm/s in Fig. 3 (c) , respectively. As shown in Fig. 3 (a) and (b), the layout of the printed material is messy all around. However, in Fig. 3 (c) the material is printed uniformly in horizontal and vertical. The nozzle extruded more uniform melt materials with low print speed.
The layer resolution can be set from 300 μm to 100 μm. This parameter affects the precision of the vertical direction. The chip weighs 8.44g. And the price of the Ninja Flex is US$ 25 per kilogram; hence the price of each chip is about US$ 0.2. The price of the 3D printer is about US$ 1000. 3D printing technologies have the potential to produce pump chips at very low materials cost. Another benefit of this approach to microfluidic chip fabrication is the speed of printing; traditionally the fabrication microfluidic chip is a [4] . The fabrication time of the proposed chip (height 8mm × length 50 mm × width 15mm) is less than 3 hours, but the fabrication time of pump chips used in our lab is over 10 hours.
C. Operational Method
Entry-level Fused Deposition Modeling (FDM) 3d printed has the ability to print flexible material. We chose to print all our microfluidic devices with the flexible material called Ninja Flex. Ninja flex is a kind of flexible material which is hydrophilic and does not swell in water. The operating principle of the diaphragm is shown in Fig. 4 . When the pulsating gas are inflating the air chambers, the diaphragms deformation can occur periodically in the pressure effect. The deformation of the diaphragms will make the liquid in the fluid channel being squeezed. The pneumatic force is applied to the small diaphragm and the small diaphragm deflects first and squeezes the fluid through the fluid channel to the big diaphragm. And then the big diaphragm deflects and squeezes the fluid moving forward. the small diaphragm deflects much quicker than the big one, the backward flow is not allowed. The unidirectional flow rate is generated. The maximum stress (σ m ) and maximum deflection ( y m ) of the diaphragm under a pressure p can be determined as a approximation from equations as follow: Where p is the uniform surface pressure on plate (N/m 2 ), a is the major length of rectangular plate (m), b is the minor length of rectangular plate (m), t is the plate thickness, and E is Young's modulus of elasticity.
III. EXPERIMENT AND RESULTS
A. Water Leakage Test
Normally when the 3D printer works, the project is printed layer by layer. The layer height is the printer's layer resolution. The 3D printer first prints a layer horizontally by a raster scan model, then prints upper layer vertically. As shown in Fig. 3  (c) , the print direction of each layer is perpendicular. So the water leakage is an issue for the printed chip.
The water leakage test procedure was as follow: first put a drop of red ink on the printed plate which had the same printing method with the printed pump chip [see Fig. 5 (a) ]. After 5 hours cut off the printed plate where the red was located, and check the water permeability. As shown in Fig. 5  (b) , the section showed that there was no red ink permeating into the printed plate. Due to the slow speed printing, the nozzle extruded more melt materials and the melt materials fused with others soon. The small holes were filled and the materials were built as a whole, so the water cannot permeate. PDMS (polydimethylsiloxane) is the most widely and one of the most versatile material used in the traditional construction of microfluidic devices [6] . However, PDMS is naturally hydrophobic [7] . A number of techniques have been utilized to modify the surface of PDMS micro channels [8] [9] [10] . In order to characterize the hydrophilic stability, contact angle measurement is utilized.
B. Hydrophilic Test
A deionized water mixed with red ink droplet was delivered on the printed chip surface by a pipette. The static contact angle was observed by a microscope (Navitar, inc., USA) and measured by Adobe Photoshop CS6. Fig. 6 shows the contact angle is about 53.3° < 90°. The printed chip has a hydrophilic surface which has no limit on its applicability for analytical devices. There is no requirement to modify the surface properties of the printed chip. 
C. Flow Rates Measurement
The experimental setup for measuring flow rates is established as shown in Fig. 7 . It is composed of an air source, a square wave signal generator (with twelve electromagnetic valves) and a 3D printed pump chip. The square wave signal generator outputs the square wave signal that designed to have a fixed rate to control the electromagnetic valves on/off states. The continuous gas from the air source is set to be a kind of gas pulses with a certain frequency (the amount of pressure is detected precisely by the pressure sensor). The air source can export a continuous compressed air with a certain pressure to deflect the diaphragms of the pump chamber. The 3D printed pump chip has two elastic diaphragms. The inflated air chambers make the diaphragm deflecting to squeeze the liquid. Tygon tubes with an inner diameter of 1/8" are used to connect the inlet and outlet to measure the volume of fluid.
The air produced by the air source fills up the air chambers to deflect the diaphragms between the air chambers and the fluid channel. The first and smaller diaphragm also deflects much quicker than the bigger one. The liquid is then pumped forward along the fluid channel. In order to evaluate the performances of the 3D printed pneumatic pump, the two operating parameters including the driving air pressure and the pneumatic actuation frequency are explored experimentally. The 3D printed pump chip was tested with two driving air pressures: 30 and 40 psi. For each pressure, the pneumatic actuation frequency was varied, and four different frequencies are adapted: 5, 10, 15 and 20 Hz. 
IV. CONCLUSIONS
In this paper, a pneumatic pump chip with two dynamic air chambers was fabricated through the 3D printing technique and tested with the external compressed air pressure. The water leakage and hydrophilic test of the printed material (Ninja Flex) are performed. The performance testing of the 3D printed pump chip was achieved to determine the flow rates variation with respect to actuation frequency and actuation pressure. The proposed pump chip proved that 3D printing technologies have high potential to fabricate complex microfluidic chips with time and cost-effectiveness. 
